A different approach is to impact the fruit with a small spherical impactor of known mass and radius of curvature and measurc the accelcration of the impactor. The advantage of this method is that the measurcd impactacccleration response is independent of the fruit mass and is less sensitive to the variation of the radius of curvature of the fruit. This technique was first described by Chen etal. (1985) and was used by researchers in Spain for sensing fruit firmness (Jaren et al., 1992; Correa et al., 1992) . Ruiz-Altisent et al. (1993) developed a system which used the impact parameters to classify fruits (apples, pears, and avocados) into different firmness groups. They used a 50-g impactor with a 19-mm-diamcter spherical tip, dropping from a height of 3 cm for apples and 4 cm for pears and avocados.
When an impactor is used to impact a fruit, the mass of the impactor is an important parameter which affects both the impact signal and fruit damage. Thc objective of this study is to determine theoretically and experimentally the effect of the impacting mass on firmness sensing of fruits.
THEORETICAL DEVELOPMHN I
A number of rcsearchers have shown that when a fruit is subjected to a high-rate loading such as that which oceurs during an impact, the elastic model can be used to determine thc effects of various parameters on the response of the fruit (Horsfield et al., 1972; Jindal and Mohsenin, 1976; Delwiche, 1987) . The impact of a spherical impactor on a fruit can be modeled by the impact of a rigid sphere on an elastic sphere. In such an impact, thc dynamic response of the impactor is a function of thc elastic modulus and Poisson's ratio of the elastic sphere, and thc masses, radii of curvatures, and thc rclative (approaching) velocity of the two objeets. Based on the theoretical analysis of two impacting elastic spheres given by Timoshenko and Goodier (1951) , the niagnitude of the peak impact forcé, F, acting on cach body can be expressed as:
where V = rclative velocity of approach of both spheres m. + m, n, --1 ?-m.m. R ,R, 4 E = 3(T^)[(R, + R 3 ) ni, = mass of impactoi m 2 =massof fruii R| -= radius of impactor R 2 = radius of curvature of fruit surface u, = Poisson's ratio of fruit E -modulus of elaslicity of fruii Thc máximum deformation, D, of thc fruit can be written as:
And the time rcquired to reach peak forcé can be cxpressed as:
Assuming negligible gravitational effeci during impact (about two percent). one can express thc peak acceleration, A, of tlie impactor as:
The raiio of A/t, often used as a firmness índex, can be follows;
drop heiglit, and acceleration history were recorded for each impact. Two experiments wcre conducted-one at thc Polytcchnic University in Madrid, Spain, and one at thc Univcrsity of California, Dav is.
TEST PROCEDURE IN Sl'AIN 'Conferencia' pears harvested froin a commercial orchard were takcn to the Agricultural Engineering laboratory in Madrid. One box of 30 fruits was stored at 20°C and another box of 30 fruits was stored at 0°C in order to produce a range of fruit firmness. Aftcr three days all 60 fruits were brought out from storage, and impact tests were made after thc fruits equilibratcel to room temperature. Eour impaets were made at four locations along thc largest circumfercnce of üic fruit using two impactors of 20-and 50-g mass, rcspcctively, and two drop hcights of 2 and 4 cni for both impactors. The two impaets of thc same drop height (but difieren! impactor masses) were made at two adjacent points about 15 mm apart, and the 2-cm impaets were made on the oppositc side of the fruit from thc 4-cm impaets. During the impact test, the fruit was set on modeling clay on top of a rigid steel píate. Preliminary tests of impacting tightly helcl (by hand) and not-held fruits showed no differenecs in the aequired acceleration signáis. Thercforc, the fruits wcre not held in subsequent tests.
Fruit firmness (not flesh failure strength as nieasured by the Magness-Tayor method) was measured by compressing the fruit with a 19-mm-diameter spherical indenter at a deformation rate of 20 nun/min. Thc deformation at 10 N compression torce was recorded, and thc elastic mcxlulus, E, was determined from the following equation 'Barllctt' pears harvested trom a commercial orchard in l.akc County were taken to Davis. One box of approximately 30 fruits was stored al 20°C and a second box was stored at 0°C. After two days the first box was also moved into the 0°C room. After both boxes were stored ai 0°C fot an additional wcek. they were moved into thc 20°C room. and five fruits from each box were taken out on thc first. third. and fililí ilays fot lesting. Impact tests imilai 10 those made in Spain except thal the niassof thc lighicr impactor was 10 g instead of 20 g. Fruit firmness was measured hy compressing the fruit with a '.'.5-nim diameter spherical indenter ai a deformation rate of KXI mm/min. Thc compression forcé al 1.0 mm was used to calcúlate the valué oi E using equation 6.
RESULTS AND DISCUSSION RESULTS OK THEORETICAI, ANALYSIS
The following parameters wcre used in the theoretical analysis: R, -0.01 m; R 2 = 0.035 m; p^ = 0.49; V -0.886 m/s (equivalcnt to a 4-cm drop height); E -0.7 MPa for soft fruit and 7.0 MPa for firm fmit; m 2 -0.2 kg for free-to-move fruit and 10 000 kg (= «>) for fixed fruit.
On the basis of these parameters and equation 1, we calculated the valúes of peak forcé for different impacting masses when they were dropped onto a soft and a firm fruit. Figure 2 shows that, as the impacting mass vanes from 10 to 50 g, the peak forcé on the soft fruit incrcases from 6.3 to 14.8 N, and the peak forcé on the firm fruit incrcases from 16.2 to 42.5 N. Since high impact forcé is associated with fruit damage, tliis result suggests that a light impactor should be used to avoid fruit damage. Figure 2 also shows that the difference between the peak forcé on a fixed fruit and that on a free-to-move fruit diminishes as the impacting mass decreases from 50 to 10 g.
The valúes of peak acceleration. A, calculated from equation 4, were plotted in figure 3. The peak acceleration increases from 850 to 1 618 m/s 2 when the impacting mass is reduced from 50 to 10 g for the firm fruit. Since the acceleration signal is the primary measured parameter in firmness sensing, it is dcsirable to use a lighter impactor because it generates a stronger acceleration signal that is easicr to detect and has higher signal-to-noise ratio. In addition to the increase in acceleration, the spread between the peak acceleration obtained with the soft fruit and that obtained with the firm fruit also increases as the impacting mass decreases. This is another desirable feature for firmness sensing. Figure 3 also shows an acceleration curve for a firm fruit that is allowcd to movc freely during the impact (not fixed). The difference between this curve and that of the fixed fruit decreases as the impacting mass decreases, indicating that the error due to a small movement of the fruit is less critical when a smaller impacting mass is used. This factor is quite important for on-line sorting, where it is difficult to hold the fruit stationary during the impact Impacting mass (ni,), g sensing. A similar trend (not plotted) was also found for the soft fruit.
The impacting mass has an even greater effect on the firmness index A/t (fig. 4) . The valúes of A/t for both the firm and soft fruits, as well as the spread of A/t between the two fruits, increase more than threefold when the impacting mass is reduced from 50 to 10 g. Clearly the firmness index is more sensitive to the change in fruit firmness when a lighter impactor ís used. The eloseness between the curve for the fixed fruit and that for the freeto-move fruit indicates that the firmness index, A/t, is not sensitive to how the fruit is held during impact sensing.
EXPERIMF.NTAL RESULTS
The results of tests on Bartlett pears are shown in figures 5 and 6. Figure 5 shows the relationships between peak acceleration and the firmness (E valué) of the fruits for the four combinations of impacting mass and drop height. For the same drop height the peak acceleration of the 10-g impactor is about twice as high as that of Üic 50-g impactor. In addition, the slopc of the regression line. which is the rate of change of the acceleration with respect to fruit Firmness, for the 10-g impacting mass is greater than that for the 50-g mass. Figure 6 shows the rclationships between the firmness index, A/t, and the E valué. For each drop height, the valué of A/t obtained with the 10-g impactor is about three times as large as that obtained with the 50-g impactor, and the rate of change of A/t with respect to E for the 10-g impactor is about three times as high as that for the 50-g impactor (table 1) .
Similar results were also obtained from tests conducted in Spain with Conferencia pears. Figure 7 and table 1 show similar increases in both the valúes of A/t and the slopes of the regression lines as the impacting mass was reduced from 50 to 20 g. Table I presents a summary of ihe experimental results. The 10-g impactor did not cause any damage to any of the Bartlett pears tested. The 20-g impactor did not bruise any Conferencia pears at 2-cm drop height, but bruised 26% of the fruits at 4-cm drop height. The 50-g impactor damaged 32% of the Conferencia pears and 53% of the Bartlett pears when it was dropped from a 2-cm distance. At the 4 cm drop height, nearly all of the fruits were bruised by the 50-g impactor. The valué of A/t for a bruised fruit is difficult to predict. Since bruising tends to oceur at high A, and a bruise will generally cause a drop in the valué of A, a large number of bruised fruits in a data set will result in a decrease in the slope of the regression linc in figure 7 (e.g., for the cases of 50-g impactor dropping from 2 and 4 cm, and 20-g impactor dropping from 4 cm).
The result in table 1 shows that lighter impactors can be dropped from a greater height without causing fruit damage. Since the error in drop height setting is a constant absolute valué (e.g., ±1 mm), the ability to increase the drop height would further reduce sensing errors.
CONCLUSIONS
Both theoretical and experimental results point to the following desirable features associated with low impacting mass:
Increases strength of the mcasured acceleration signal, thcreby facilitating easier detection and maximizing noisc-to-signal ratio.
Increases both the magnitudc of the calculated firmness index, A/t, and the rate of change of A/t with respect to the fruit firmness, E.
• Minimizes the error due to movement of the fruit during the impact. Minimizes fruit damage caused by the impact. Al' PLICATION OK FiNDINGS Thc results of this study suggest tliat in firmness sensing of fruits where (he acceleration of an impactor is measured, the mass of tlie impactor should be kcpt as low as possibie! Tlic minimum valué of thc impacting mass may be limitcd by scvcral factors. First, it is limited by the mass of the accelcrometer. Por example, for a 2-g acceierometer, likc the one used in this study, the mass of the impactor would be limited to 3 to 4 g. Second, it is limitcd by the ability to control thc impacting velocity. Since the acceleration signal must be transmitted from the moving acceierometer to a recording device, the size and stiffness of the eléctrica! cable would affect thc ability to control the impacting velocity. As shown in equation 5, tile impacting velocity, V, has the strongest cffect on the firmness índex, A/t! Therefore, it is importan! to maintain a constant impacting velocity on every fruit on ffie sorting line. Third, the minimum valué of the impacting mass is limited by the amount of material requtred to provide adequatc structural integrity of the impactor. The impactor should be rigid enough so Ihat it will not produce undesired vibration that may interfere with thc acceleration signal.
The proper valúes of impacting mass and drop height (or impacting velocity) depend on the physical dcsign of the sensing unit (free-fall, síiding, or swinging impactor, and means for transmitting the acceleration signal) and thc typc of fruit being lested. The general approach is to aim at the lowest impacting mass and the highest impacting velocity. We recommcnd thc following dcsign procedurc: Design an impactor such that it can genérate the same impacting velocity on different fraits: then reduce the impactor mass as much as possible while still maintaining the control of the impacting velocity and structural integrity of thc impactor; and, finally, mercase the ¡mpucting veloeily until it is just below thc threshold of bruising tlie fruit.
